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1 The effects of systemic, intrastriatal or intranigral administration of d-amphetamine on
glutamate, aspartate, ascorbic acid (AA), uric acid, dopamine (DA), dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA) and 5-hydroxyindoleacetic acid (5-HIAA) concentrations in
dialysates from the striatum of freely-moving rats were evaluated using microdialysis.

2 d-Amphetamine (2 mg kg™') given subcutaneously (s.c.) increased DA, AA and uric acid and
decreased DOPAC+HVA, glutamate and aspartate dialysate concentrations over a 3 h period after
d-amphetamine. 5S-HIAA concentrations were unaffected. Individual changes in glutamate and AA
dialysate concentrations were negatively correlated.

3 d-Amphetamine (0.2 mM), given intrastriatally, increased DA and decreased DOPAC+HVA
and aspartate dialysate concentrations, but failed to change those of glutamate, AA uric acid or 5-
HIAA, over a 2 h period after d-amphetamine. Haloperidol (0.1 mM), given intrastriatally, increased
aspartate concentrations without affecting those of glutamate or AA.

4 d-Amphetamine (0.2 mM), given intranigrally, increased AA and uric acid dialysate
concentrations and decreased those of glutamate, aspartate and DA; DOPAC+HVA and 5-HIAA
concentrations were unaffected.

5 These results suggest that d-amphetamine-induced increases in AA and uric acid and decreases in
glutamate concentrations are triggered at nigral sites. The changes in aspartate levels may be evoked
by at least two mechanisms: striatal (mediated by inhibitory dopaminergic receptors) and nigral
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(activation of amino acid carrier-mediated uptake).
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Introduction

The effects of d-amphetamine on striatal dopaminergic system
activity are well known: d-amphetamine increases extracellular
levels of dopamine (DA) and decreases the main DA
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA; Zetterstrom et al., 1986; Robertson
et al., 1991; Cadoni et al., 1995). DA release in response to d-
amphetamine is transporter-mediated and the process has been
called reverse transport (Sulzer et al., 1995). However, DA is
not the only endogenous substance released by d-ampheta-
mine. Extracellular ascorbic acid (AA) concentrations in the
neostriatum, which range between 350 and 500 uM (Miele &
Fillenz, 1996), increase by about 50—80% following systemic
injection of d-amphetamine (Wilson & Wingthman, 1985;
Basse-Tomusk & Rebec, 1990; Mueller & Kunko, 1990;
Saponjic et al., 1994). Moreover, d-amphetamine increases
striatal uric acid extracellular concentrations (Mueller &
Kunko, 1990; Saponjic et al., 1994). Uric acid is the end
product of ATP catabolism. The final step leads to xanthine,
which is a substrate for xanthine oxidase (XO). The products
of XO include uric acid and reactive oxygen species. Uric acid
is an active component of the neuronal antioxidant pool; it
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protects AA (Sevanian et al., 1991) and DA (Church & Ward,
1994) from oxidation.

Apomorphine (Zetterstrom & Fillenz, 1988) and L-
glutamate (O’Neill ez al., 1984) raise extracellular AA levels
in the rat striatum when given systemically. When given
intrastriatally, apomorphine (Zetterstrom & Fillenz, 1988)
and d-amphetamine (Wilson & Wingthman, 1985) do not
raise extracellular AA, although L-glutamate causes a great
increase in AA extracellular concentrations (O’Neill er al.,
1984).

It has been shown that physiologically-induced striatal AA
release is linked to impulse traffic, transmitter release and
glutamate uptake (Miele et al., 1994). The latter finding
strongly supports the proposed glutamate/AA heteroexchange
model (O’Neill, 1995).

A great number of in vitro and in vivo studies have
established the reciprocal dopamine-glutamate modulation of
release in the basal ganglia (see Morari et al., 1998). In
addition, an increasing body of evidence suggests that release
of AA into the extracellular fluid of the brain modulates both
dopaminergic (Rebec & Pierce, 1994) and glutamatergic
transmission (Majewska et al., 1990; Rebec & Pierce, 1994).
It is well established that DA is the primary mediator of d-
amphetamine-induced behaviours (Robinson & Becker, 1986).
The glutamatergic system is also claimed to participate in the
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mediation of d-amphetamine behaviours (Desole et al., 1992;
Karler et al., 1995; Ohmori et al., 1996), while AA
administration, either systemic (Rebec et al., 1985; Desole et
al., 1987) or intrastriatal (White et al., 1990), attenuates such
effects.

In the present study, we have investigated the effects of
systemic, intrastriatal or intranigral d-amphetamine, on AA,
glutamate, aspartate and uric acid release in the striatum of
freely-moving rats, in order to clarify the mechanism by which
d-amphetamine affects these striatal neurochemical para-
meters. In addition, we describe the effects of systemic,
intrastriatal or intranigral d-amphetamine on DA release and
oxidative metabolism.

Methods

Animals

Male Wistar rats (Morini R. Emilia, Italy), weighing 280—
330 g were used in all experiments. The rats were maintained
under standard animal care conditions (12:12 h light/dark
cycle, light at 07.00 h; room temperature 21°C), with food and
water ad libitum. Prior to the start of any experiment, the
health of the rat was assessed according to published guidelines
(Morton & Griffiths, 1985). All procedures were specifically
licensed under the European Community directive 86/609
included in Decreto No. 116/1992 of the Italian Ministry of
Public Health.

Drugs

The following drugs were used: d-amphetamine sulphate
(Merck AG, Darmstadt, Germany); haloperidol (Sigma-
Aldrich, Milano, Italy). Subcutaneous (s.c.) d-amphetamine
2 mg kg=' was given in 2 ml kg~' of saline (0.9%). The
dose was that used in the previous study (Desole et al.,
1992). The study of the saline (2 ml kg~! s.c.) effect on
striatal neurochemical concentrations was omitted, since the
lack of s.c. saline effect on striatal dialysate concentrations
of neurochemicals has been discussed in a previous study
(Enrico et al., 1997). For intrastriatal or intranigral
administration, d-amphetamine was dissolved to 0.2 mM in
the artificial cerebrospinal fluid (aCSF) and infused for
15 min. For intrastriatal administration, haloperidol
(0.1 mM) in aCSF was infused for 15 min. The haloperidol
concentration was in the range of those used by Biggs et al.
(1997).

Microdialysis probe construction

The striatal probe combined two independent microdialysis
probes of concentric design with two separate inlets and a
shared outlet (Figure 1). The probes were constructed using
two sections of plastic-coated silica tubing (¢ 0.15 mm;
Scientific Glass Engineering, Milton Keynes, U.K.) each
placed in the centre of a semi-permeable polyacrylonitrile
dialysis fibre (molecular cut-off weight of 12 KD, Filtral 16
Hospal Industrie, France). Each probe had a final diameter
of 0.22 mm. The tips of the dialysis fibres were sealed and
joined using quick-drying epoxy glue. The two silica tubes
served as inlets; the outlet was made also with a section of
plastic-coated silica tubing, positioned in the centre of
polythene tubing. The semi-permeable membrane was coated
with epoxy glue leaving an active length of 4 mm. The
diameter of the final probe was approximately 0.5 mm. The

probe allowed us to collect a volume of dialysate enough to
permit simultaneous measurement of DA, metabolites and
amino acids without increasing the flow rate of perfusion or
the interval sampling time. In a separate set of experiments,
a probe was implanted on its own in the right substantia
nigra, to allow local infusion of drugs, whereas dialysate
samples were collected by means of the striatal probe.

Surgery

Stereotaxic surgery was performed under chloral hydrate
(400 mg kg~! i.p.) anaesthesia. The microdialysis probe was
implanted in the right striatum using the following
coordinates from the atlas of Paxinos & Watson (1986):
A/P +0.5 from bregma, +2.5M/L, and —6.0 D/V from
dura. In a separate group of animals the probe was
implanted in the right SN using the following coordinates:
A/P —53 from bregma, +2.2M/L, and —7.7 D/V from
dura. Body temperature during anaesthesia was maintained
at 37°C by means of an isothermal heating pad. Following
surgery, the animals were placed in large plastic bowls
(50 x 55 cm), and maintained in a temperature- and light-
controlled environment, with free access to food and water.
Experiments were carried out 24 h after probe implantation
with the animal in its home bowl. This arrangement allowed
the rats free movement.

Microdialysis procedure
The composition of the aCSF used was as follows, in mM:

NaCl 147.0, KCI 4.0, CaCl, 1.2, MgCl, 1.0. A microinfusion
pump (CMA/100, Microdialysis, Sweden) pumped aCSF

Figure 1 Drawing of a striatal probe combining two independent
microdialysis probes of concentric design with two separate inlets and
a shared outlet. Each probe has a final diameter of 0.22 mm. The
semi-permeable membrane has an active length of 4 mm. The
diameter of the final probe is approximately 0.5 mm.
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into the probe at a flow rate of 1.5 ul min™' using two

separate syringes connected to the inlets by a length of
polythene tubing. Every 20 min, 60 ul dialysate samples were
collected manually in 250 ul micro-centrifuge tubes (Alpha
Laboratories, U.K.) attached to the outlet. Subsequently,
two 20 ul aliquots of collected dialysate were injected
separately into each of two parallel analytical systems. The
first sample was collected after a 40 min period of
stabilization (time 0), then dialysates were collected, at
20 min intervals, for 1 h prior to the start of experiments.

Chromatographic analysis

AA, uric acid, DA, DOPAC, HVA and 5-HIAA were
quantified by HPLC electrochemical detection using an
Alltech 426 pump equipped with a Rheodyne injector,
column 15x4.6 mm i.d. Alltech Adsorbsphere CI8 5 um,
electrochemical detector Antec CU-04-AZ and Varian Star
Chromatographic Workstation. The mobile phase was citric
acid 0.5 M, Na acetate 1 M, EDTA 12.5 mM, MecOH 10%
and sodium octylsulphate 650 mg 1=! (pH=3.0); the flow
rate was 1.3 ml min~"'. Dialysates were injected directly into
the HPLC.

Glutamate and aspartate were quantified by HPLC with
fluorimetric detection (at 360 and 450 nm — excitation and
emission wavelengths) using a Varian 9010 gradient system
following precolumn derivatization by o-phthaldialdeyde.
Derivatized glutamate and aspartate were separated on
Ultrasphere C 18 3 um high speed 75x4.6 mm Beckman
column. A gradient was run from 25 mMm Na,HPO,-acetonitril
(95:5) pH 6.6 with H;PO, to 25 mM Na,HPO,-acetonitril
(70:30) in 20 min at a flow rate of 1.2 ml min~".

Histology

Following the experiments, rats were killed with an overdose
of chloral hydrate (800 mg kg~"' i.p.). The location of each
microdialysis probe was confirmed by post-mortem histology.
Brains were fixed in formal saline and 50 um coronal sections
were made with a cryostat. The slices were stained with cresyl
violet and examined under a microscope.

Statistical analysis

The concentrations in the dialysate were expressed in nM
(DA) or uMm (DOPAC+HVA, 5-HIAA, glutamate,
aspartate, AA and uric acid) and given as mean+
s.e.mean. Drug effects on neurochemicals were evaluated
as changes from the preceding baseline. For this purpose
data are expressed as percentage of baseline. Statistical
significance was assessed using analysis of variance
(ANOVA) per difference over time. Differences within
groups were determined by paired r-tests, with the
Bonferroni multiple comparison adjustment. Pearson’s
correlation coefficient between individual DA and DO-
PAC+HVA, DA and glutamate, or glutamate and AA
dialysate concentrations, was calculated in each rat after
each d-amphetamine administration.

Results

Baseline dialysate concentrations of neurochemicals

Baseline dialysate concentrations of neurochemicals detected
in each experimental group are given in Table 1.

Effects of subcutaneous d-amphetamine

d-Amphetamine (2 mg kg=', n=35), increased (ANOVA
P<0.001) dialysate levels of DA (maximum increase to
912% of baseline after 40 min), AA (maximum increase to
150% of baseline after 160 min) and uric acid (maximum
increase to 155% of baseline after 180 min). Conversely, d-
amphetamine decreased (ANOVA P<0.001) dialysate levels
of DOPAC+HVA (maximum decrease to 46% of baseline
after 100 min), glutamate (maximum decrease to 47% of
baseline after 120 min), aspartate (maximum decrease to 52%
of baseline after 100 min), while 5-HIAA levels were
unaffected (Figure 2).

Effects of intrastriatal d-amphetamine or haloperidol

d-Amphetamine (0.2 mM, n=15) increased (ANOVA P<0.001)
dialysate levels of DA (maximum increase to 1511% of baseline
after 20 min) and decreased those of DOPAC+ HVA (max-
imum decrease to 77% of baseline after 40 min) and aspartate
(maximum decrease to 64% of baseline after 20 min), while 5-
HIAA, uric acid, glutamate and AA and levels were unaffected
(Figure 3). At a higher concentration (2 mM), d-amphetamine
greatly increased peak (up to >2000% of baseline) and duration
(120 min) of DA overflow, decreased DOPAC+HVA and
aspartate concentration, but did not modify AA, glutamate or
uric acid concentrations (data not shown).

The unexpected finding that intrastriatal d-amphetamine
resulted in a decrease in aspartate dialysate levels prompted us
to study the effect of intrastriatal haloperidol, a preferential
D,-like receptor antagonist. In rats given haloperidol (0.1 mM,
n=4), baseline dialysate AA, glutamate and aspartate
concentrations were 5.37+1.60, 3.354+0.86 and
0.23+0.26 uM, respectively. Haloperidol increased (ANOVA
P<0.001) dialysate levels of aspartate (maximum increase to
217% of baseline after 80 min), but did not modify AA or
glutamate dialysate concentrations (Figure 4).

Effects of intranigral d-amphetamine

d-Amphetamine (0.2 mM, n=15), induced a short-lasting
decrease (ANOVA P <0.02) in dialysate DA levels (maximum
decrease to 78% of baseline after 40 min). Also, dialysate
glutamate and aspartate levels were decreased (ANOVA
P<0.001) to a maximum of 80% (after 40 min) and 65%
(after 80 min) of baseline, respectively, while AA and uric acid
levels were increased (ANOVA P<0.01) to a maximum of
140% of baseline (after 20 min) and 146% of baseline (after

Table 1 Baseline striatal levels of neurochemicals detected
in each experimental group given d-amphetamine

Systematic  Intrastriatal — Intranigral ANOVA
(n=35) (n=5) (n=75) P

Glutamate 443+1.0 5.64+1.61 3.88+1.03 >0.2
(M)

Aspartate 0.464+0.09  0.51+0.09 0.37+£0.07 >0.2
(M)

AA (um) 5.39+0.72 589+0.64 4304058 >0.2

Uric acid 1.13+0.18  1.87+0.26 1.82+0.15 >0.1
(M)

DA (nm) 3554046 3.46+0.59 537+2.14 >0.1

DOPAC + 1.4740.25 1.12+0.17 1.79+£0.25 >0.5
HVA (um)

5-HIAA (uM)  0.36+0.02  0.27+0.06 0.4240.06 >0.1

Data are given as mean +s.e.mean.
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Figure 2 Effect of s. c. administration of d-amphetamine (arrow) on
DA (A), DOPAC+HVA, 5-HIAA and uric acid (B), glutamate,
aspartate and AA (C) dialysate concentrations. Dialysates were
collected, at 20 min intervals, for 180 min after d-amphetamine
administration. Data are expressed as percentage of baseline values
and are given as meants.e.mean (n=5). Baseline dialysate
concentrations  were: DA 3.5540.46 nMm, DOPAC+HVA
1.47+0.25 um, 5-HIAA 0.36+0.02 g™, uric acid 1.13+0.18 um,
glutamate 4.43+1.0 um aspartate 0.4610.09 um, AA
5.3940.72 um. Statistical significance (ANOVA followed by the
Bonferroni multiple comparison adjustment) *P<0.05 compared
with the baseline values.

120 min), respectively. DOPAC+HVA and 5-HIAA levels
were unaffected (Figure 5).

Correlations between individual DA and
DOPACH+ HVA, DA and glutamate or glutamate and
AA concentrations

Pearson’s correlation coefficient was calculated between
individual DA and DOPAC+HVA, DA and glutamate or
glutamate and AA dialysate concentrations detected in each
rat before and after each d-amphetamine administration.

A
20000 A .
.E 1600
@
© 1200
-] *
S 800-
L
= 400- l
3
| s [JJ] e ] | \ | e ] ———|
z 0 T " .. .instralstriatal d-ampk :n:nn 8.2 m=l
) 40 80 120 160
B
120- —o— DOPAC+HVA
{10 —aA— URIC ACID
) 7 —e— 5-HIAA
= ——,
£ 100{  a<f=i= )A:iﬁ%_/_é
8 90] I
S 80 —— *
2 70 * T
5 sol D .
z 50 intrastriatal d-amphetamine 0.2 mM
0 40 80 120 160
C
—o— AA
120 |—e&— glutamate
‘E —A— aspartate :
2 100- W
=
o 80 A !
; o AT
E 60+ T intrastriatal d-amphetamine 0.2 mM

0 40 80 120 160

Figure 3 Effect of intrastriatal administration of d-amphetamine
(arrow) on DA (A), DOPAC+HVA, 5-HIAA and uric acid (B),
glutamate, aspartate and AA (C) dialysate concentrations. Dialysates
samples were collected, at 20 min intervals, for 120 min after d-
amphetamine administration. Data are expressed as percentage of the
baseline values and are given as meants.e.mean (n=35). Baseline
dialysate concentrations were: DA 3.46+0.59 nm, DOPAC+HVA
1.124+0.17 um, 5-HIAA 0.27+0.06 um, uric acid 1.8740.26 um,
glutamate 5.64+1.61 um, aspartate 0.514+0.09 um  and AA
5.89+0.64 um. Statistical significance (ANOVA followed by the
Bonferroni multiple comparison adjustment) *P<0.05 compared
with baseline values.

In all rats given d-amphetamine s.c (2 mg kg~!, n=6), no

significant correlation was found between individual DA and
DOPAC+HVA concentrations (r value range between
—0.251, P>0.4 and —0.441, P>0.1, df=11) or between DA
and glutamate concentrations (r value range between —0.224,
P>0.4 and —0.468, P>0.1, df=11). Conversely, individual
glutamate concentrations were negatively correlated with AA
concentrations in all rats (r value range between —0.637,
P<0.05 and —0.885, P<0.001, df=11)

In all rats given d-amphetamine (0.2 mM) intrastriatally
(n=15), no significant correlation was found between individual
DA and DOPAC+HVA concentrations (r value range
between —0.295, P>0.5, and —0.552, P>0.1, df=8) or
between DA and glutamate concentrations (r value range

British Journal of Pharmacology, vol 129 (3)
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Behavioural changes

Systemic (s.c.) or intrastriatal d-amphetamine both induced
increases in motor activity and stereotypy (c.f. Desole et al.,
1992). Conversely, intranigral d-amphetamine did not induce
behavioural changes.

Discussion

It is well known that d-amphetamine increases DA release in
terminal fields of dopaminergic neurones. Both vesicular and
newly-synthesized DA appear to be released by d-ampheta-
mine into the striatal extracellular compartment (Cadoni et al.,
1995; Jones et al., 1998). d-Amphetamine also decreases DA
oxidative metabolism by inhibiting MAO (Jones et al., 1998)
and depletion of newly-synthesized DA, the main substrate for
MAO, has been suggested as an additional mechanism
(Zetterstrom et al., 1986). In the present study, systemic d-
amphetamine, as expected, increased DA and decreased its
acidic metabolite levels in the striatal dialysate from freely-
moving rats. The increase in DA release (8 —9 fold of baseline
levels) was in agreement with the literature data (Robertson et
al., 1991). Increases in DA and decreases in acidic metabolite
dialysate concentrations were observed also when d-ampheta-
mine was given intrastriatally: the peak of DA increase was
greater and occurred earlier than systemic d-amphetamine,
while the peak of DOPAC+HVA decrease also occurred

0 40 80 120 160

Time (min)

Figure 5 Effect of intranigral administration of d-amphetamine
(arrow) on DA (A), DOPAC+HVA, 5-HIAA and uric acid (B),
glutamate, aspartate and AA (C) dialysate concentrations. Dialysates
were collected, at 20 min intervals, for 120 min after d-amphetamine
administration. Data are expressed as percentage of the baseline
values and are given as mean+s.e.mean (n=35). Baseline dialysate
concentrations  were: DA 5.3742.14 nMm, DOPAC+HVA
1.7940.25 um, S-HIAA, 0.42+0.06 um, uric acid 1.824+0.15 um,
glutamate 3.88+1.03 um, aspartate 0.374+0.07 um, AA
4.30+0.58 um. Statistical significance (ANOVA followed by the
Bonferroni multiple comparison adjustment) *P<0.05 compared
with baseline values.

earlier but was lower than that of systemic d-amphetamine.
Intranigral infusion of d-amphetamine decreases DA release in
the ipsilateral striatum (Wilson & Wingthman, 1985; Pierce et
al., 1994). This effect is the result of nigral dendritic DA release
(Robertson et al., 1991) and consequent activation of
inhibitory somatodendritic autoreceptors (Westerink er al.,
1994). In the present study, intranigral d-amphetamine
induced a short-lasting decrease in DA release but did not
affect DA oxidative metabolism. Zetterstrom et al. (1986)
found a statistically significant correlation between the
increase in DA release and the decrease in DOPAC level after
systemic d-amphetamine, suggesting that the two effects might
share a common mechanism. In the present study, no
significant correlation between the increase in extracellular
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DA and the decrease in DOPAC+ HVA concentrations was
found following systemic, intrastriatal or intranigral d-
amphetamine. These findings clearly indicate that its effects
on DA release and DA oxidative metabolism are dissociated
events. No tested route of d-amphetamine affected striatal 5-
HT oxidative metabolism, as judged by 5-HIAA concentra-
tions. These findings are in agreement with the literature (Wan
et al., 1996).

In a previous study, we showed that morphine-induced
increases in DA oxidative metabolism are highly correlated
with the increase in xanthine oxidative metabolism (Enrico et
al., 1997). Superoxide radicals generated from xanthine
oxidation may participate in the enzymatic DA oxidation
according to the following scheme (Chiueh, 1994):
O, +xanthine (XO) — wuric acid+O,” +DA (MAO) —
DOPAC+H,0, It is likely that d-amphetamine does not
increase xanthine oxidative metabolism, but simply mobilizes
uric acid from intraneuronal pools (Mueller & Kunko, 1990)
acting at nigral sites. This hypothesis is supported by the
moderate d-amphetamine-induced increase in uric acid levels,
which is consistent with a mobilization from an intraneuronal
pool.

The reciprocal dopamine-glutamate modulation of release
in the basal ganglia (see Morari et al., 1998) suggests a direct
interaction between striatal dopaminergic and glutamatergic
terminals. Inhibitory dopaminergic receptors on striatal
glutamatergic terminals reportedly regulate glutamate release
(Yamamoto & Davy, 1992). In contrast, Reid et a/l. (1997) have
shown that dopaminergic stimulants do not affect glutamate
release in the striatum, but enhance it in limbic brain structures
including the nucleus accumbens and prefrontal cortex. In the
present study, the increase in dialysate DA concentrations up
to 15 times of baseline induced by d-amphetamine given
intrastriatally did not induce a change in dialysate glutamate
concentrations. Thus, the decrease in glutamate dialysate
concentration induced by systemic d-amphetamine appears to
be unrelated to the great increase in DA extracellular levels
induced by systemic d-amphetamine. Conversely, d-ampheta-
mine given intrastriatally significantly decreased aspartate
dialysate levels. The decrease is likely to be mediated by D,-
receptors, since the D»-selective antagonist haloperidol, when
given intrastriatally, increased aspartate levels without affect-
ing those of AA and glutamate. This hypothesis is supported
by the findings of Biggs et al. (1997), which showed that
haloperidol increases aspartate release in the entopeduncular
nucleus of the rat. In addition, Labarca et al. (1995) showed
that d-amphetamine inhibits K *-induced release of aspartate
in nucleus accumbens of the rat, an effect which is antagonized
by haloperidol. K *-induced release of aspartate might be also
modulated by D,-receptors, since Yamamoto & Davy (1992)
showed that Di-agonists inhibit K*-induced release of
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